Abstract. Vegetable transplants can have excessive internode elongation before field establishment, producing challenges for the growers using mechanical transplanters to establish their crops. Thus, controlling the height of vegetable transplants before planting could be an advantage for commercial vegetable growers. In this greenhouse study, 10 ABA treatments, based on application frequency and timing, and an untreated control were arranged in a randomized complete block design with six (Year 1-2008) or five (Year 2-2009) replications and were evaluated over an 8-week period each year. Treatments included: single application at Week 1 (cotyledon stage), Week 2, Week 3, and Week 4; double applications were made at Weeks 1 + 2, Weeks 2 + 3, and Weeks 3 + 4; and multiple applications of ABA at Weeks 1 + 2 + 3, Weeks 2 + 3 + 4, and Weeks 1 + 2 + 3 + 4. All ABA applications were delivered as a drench applied directly to the planting container at a rate of 250 mgÁL -1 ABA. Early, single-dose applications (Week 1) were more effective at controlling height than a single dose applied later; a Week 1 application measured during week 5 was 4
Transplanting of plug seedlings is the most common planting practice used for pepper production, because it improves stand establishment, shortens the field growing cycle, enhances earliness, and ultimately increases the yield and quality of vegetable crops (Leskovar and Stoffella, 1995) . Maintaining uninterrupted growth after transplanting is challenging because seedlings have limited and confined root systems and imperfect rootsoil contact (Burdett, 1990) . Biotic and abiotic stressors acting independently or in combination often limit seedling growth and stand establishment (Leskovar and Stoffella, 1995) .
Restricted water uptake can lead to sudden and severe plant water deficit, resulting in transplant shock (Nitzsche et al., 1991) . Transplant shock can result in the death of the plant or impair the subsequent growth and yield of the surviving seedlings. It most commonly arises when the transpiration demand exceeds the water uptake capacity of the seedlings' root system (Leskovar, 1998) . Exogenously applied compounds can trigger partial or complete stomatal closure and thus decrease water loss from leaves. These chemicals include natural plant hormones such as ABA and ABA analogs, which have been used as antitranspirants (Davies and Zhang, 1991) . Endogenous ABA is synthesized in the plastids and accumulation in plants occurs when plants are subjected to drought, salt, desiccation, cold, and infection stress (Seo and Koshiba, 2002) .
Additionally ABA plays an important role in CO 2 and water exchange within the plant and has been of great interest in water conservation in horticultural and agricultural production (Pospisilova et al., 1998; Sharma et al., 2005) . Although previously cost-prohibitive, recent improvements in ABA synthesis have made production less expensive on a large commercial scale (Petracek et al., 2005) . Abscisic acid application has been used to slow shoot growth (Watts et al., 1981) and has been used to control transplant growth in nurseries (Leskovar and Cantliffe, 1992) .
Shoot growth control has also been observed when foliar ABA is applied to adequately watered plants compared with plants exposed to moderate water deficit (Leskovar and Cantliffe, 1992) . Abscisic acid also improves plant acclimation to abiotic stresses such as dehydration, cold temperatures, and high salt levels (Levitt, 1980) . The effects on drought resistance, plant growth, and development were specific to the crop studied, the ABA analog used, and varied with the mode of application and concentration of chemical applied (Waterer, 2000) . Foliar application of relatively dilute solutions of ABA analog PBI 365 produced few negative effects on crop growth and yield under non-stress conditions and maintained yield in moisturestressed conditions (Waterer, 2000) . However, use of ABA in agriculture has been limited because of the rapid metabolism of ABA in plants, the susceptibility of ABA to isomerization to inactive forms by light, and by the high cost of ABA synthesis (Abrams et al., 1997; Flores and Dorffling, 1990) .
Genotypes of many crop species vary in their capacity to accumulate ABA in leaves and, hence, may show differences in the sensitivity of developmental processes to changes in soil water content (Henson and Turner, 1991; Pekic et al., 1995) . Goreta et al. (2007) found that poblano pepper seedling plant height was significantly shorter when sprayed with 2000 mgÁL -1 ABA in a foliar application compared with a control at 3 and 6 d after transplanting (DAT). Severe water stress caused complete drying and death of control plants and significantly less growth for all other treatments except for ABA-treated seedlings, which exhibited 100% survival. In a further study by Goreta et al. (2007) , stomatal conductance (g S ) for ABA-treated plants was reduced significantly from a 47% reduction at 1 DAT to a 60% reduction 5 DAT compared with untreated plants. Reduced relative growth rate (RGR) of root and all shoot growth components in ABA-treated plants led to 80% reduction of total RGR compared with control plants.
Foliar exogenous applications of ABA significantly increased stomatal resistance and slowed water use by bell pepper seedlings, resulting in less transplant shock in field experiments (Berkowitz and Rabin, 1988) . Berkowitz and Rabin (1988) found that ABA-treated pepper transplants had greater field survival rates than untreated seedlings, which was attributed to reduced g S and increased leaf water potential. Abscisic acid can increase leaf water potential, survival, and subsequent yield when bell pepper seedlings are transplanted to the field (Berkowitz and Rabin, 1988; Nitzsche et al., 1991) .
A compact transplant is desirable because it is more efficient to maintain and transport and easier to transplant than a seedling with elongated internodes (Cerny and Rajapaske, 1999) . Growers can control growth by the application of chemical growth regulators to keep the plant short (Cerny and Rajapaske, 1999) . Foliar application of other growth regulators such as Sumagic (uniconazole-P; Valent U.S.A. Corporation, Walnut Creek, CA) on ornamental cabbage and kale has been shown to control plant height (Gibson and Whipker, 1999) . Flowering azalea plants treated with Sumagic had significantly shorter plant heights (Bir and Conner, 1999) . The height control achieved with foliar exogenous applications of ABA may be an alternative to this commercial growth regulator, although limited work has been done investigating ABA use for pepper. The objective of our study was to evaluate the effects of exogenous ABA drench on the height of three types of greenhouse-grown pepper transplants. Abscisic acid application. Drench applications of water with ABA, VBC-30101 (10% ABA; Valent U.S.A. Corporation), were applied in 50-mL doses (%10% of total pot volume) at an application rate of 250 mgÁL -1 ABA. Treatments were based on frequency and timing of ABA applications (Table 1) . Treatment based on frequency was as follows: single application at Week 1 (cotyledon stage), Week 2 (cotyledon stage plus 1 week), Week 3 (cotyledon stage plus 2 weeks), and Week 4 (cotyledon stage plus 3 weeks); double applications were made at Weeks 1 and 2 (1 + 2), Weeks 2 and 3 (2 + 3), and Weeks 3 and 4 (3 + 4); and multiple application treatments received ABA at Weeks 1, 2, and 3 (1 + 2+ 3), Weeks 2, 3, and 4 (2 + 3 + 4), and Weeks 1, 2, 3, and 4 (1 + 2 + 3 + 4). Treatments based on timing were as follows: early applications at Week 1, Weeks 1 and 2 (1 + 2), Weeks 1, 2, and 3 (1 + 2 + 3); midtiming applications made at Week 2 (cotyledon stage + 1 week), Weeks 2 and 3 (2 + 3), Weeks 2, 3, and 4 (2 + 3 + 4); and late application treatments received ABA at Week 3, Weeks 3 and 4 (3 + 4), and Week 4. Because the Weeks 1 + 2 + 3 + 4 treatment received an application every week, it was omitted from the timing-based analysis. Repeated measurements were made on each plant within each block; this constitutes a randomized complete block split-plot design with ABA application treatment as the single whole-plot factor (with 11 levels) and time as the split-plot factor. All 11 treatments were arranged in a randomized complete block (split-plot in time) study with six (Year 1-2008) or five (Year 2-2009) replications. In both years, height data were collected weekly for 8 weeks beginning 7 Oct. 2008 and 18 Aug. 2009. Plant height was measured from the substrate surface to the shoot apex.
Materials and Methods
Statistical analysis. A mixed-effects linear model was fit using the PROC MIXED procedure of the SAS statistical software package (Version 9.1.3, SAS Institute, Cary, NC) to investigate the effects of the various frequencies and timings of ABA application on plant heights, which were measured repeatedly over time. The factors in this study were frequency (with levels single, double, or multiple), timing (with levels early, middle, or late), and the control comparison. Factorial effects for frequency and timing, nested within control, and weeks after final application were then included in a mixed-effects model with random effects for block · treatment interaction. In accordance with this design, random effects for block and block · ABA application interaction were included in the mixed-effects model. The design does not include all combinations of frequency and timing, so that effects for these factors are necessarily confounded to some degree. All pairwise comparisons among the 11 treatment means were conducted separately for each week. Means were separated using Fisher's test of least significant difference.
Results and Discussion
The effect of ABA on plant height differed among the pepper cultivars and types with 'Aristotle' being highly responsive (shorter plant height versus the control) and continuing to show differences even after 6 weeks of data collection, whereas 'Pageant' had an initial response, but statistically significant treatment differences were not evident by the second week of data collection. 'Grande' did not have a significant height response among treatments in either year of the study ( Table 2 ). The differences we observed among pepper cultivars were in accordance to trends previously reported for other plant species (Blanchard et al., 2007; Churchill et al., 1998; Sharma et al., 2006) . Li et al. (2004) reported that different species of Populus davidiana responded differently to exogenous ABA application. Accordingly, data presented here will be specific to 'Aristotle' in Week 5 (1 week after final treatment) because this cultivar was most responsive to ABA treatment.
In Year 1-2008 (Table 3) and Year 2-2009 (Table 4) , multiple ABA drench applications resulted in significantly shorter plant heights compared with the untreated control during Weeks 5 through 8 of the study. These reductions ranged from 24% to 40% depending on the measurement week and year. This is in agreement with previous work in which bell pepper transplants (Leskovar and Cantliffe, 1992) and two Populus species ) treated with foliar ABA had shorter plants compared with untreated control plants. In our study, multiple applications were generally more effective than single applications at reducing plant height (Tables 3 and 4 ). An early single application at Week 1 tended to be more effective at controlling height than single applications applied at Week 3 and 4. Similar findings of application timing were reported by Ma et al. (2008) in two Malus species treated with foliar-applied ABA.
Based on the differences among treatments, a relationship between the frequency and timing factors was evident and this relationship was included in the model so that contrasts quantifying their effects could be computed statistically. In Year 1-2008, multiple application frequency resulted in significantly shorter plant heights compared with a single application when measured at Weeks 5, 6, and 7 after final ABA application (Table 5) Although frequency and timing-by-year interaction were significant between years, similar responses to most treatments suggested averaging over years may give greater insight and keys into these treatment effects. To that end, an expanded version of the linear mixed model that included random effects for year · timing and year · treatment interactions was tested. Data for both years were pooled for frequency analysis (Fig. 1A) and Simple effect comparisons of week · frequency least squares means of plant heights with the same letter in a given column are not different at P # 0.05. indicate that multiple application frequency resulted in shorter plant height compared with single-and double-application frequency at Weeks 5, 6, 7, and 8 after final ABA application. The height of the peppers receiving multiple applications was 30% less than the control treatment plants. Analysis of height response to application timing (Fig. 1B) indicated that plants receiving relatively early applications were significantly shorter than plants receiving later applications. For example, those seedlings receiving an early application were %30% shorter than the untreated control seedlings. Although the reported marginal means for each timing treatment are estimates of the mean response for an average year, the SE used to quantify the uncertainty in this estimate reflects all resources of variability in the model, including year-to-year variability and year · timing interaction. Multiple drench applications of 250 mgÁL -1
ABA, beginning at the cotyledon stage and continuing for 3 to 4 weeks, were more effective at controlling plant height than any single weekly application regardless of timing. Application of ABA to pepper transplants can be an important scheduling tool for pepper transplant producers. Plants receiving early applications tended to be shorter than those receiving late application (Fig. 1B) .
In conclusion, the three pepper cultivars responded differently to exogenous drench ABA application. Multiple applications initiated at the cotyledon stage controlled plant height of 'Aristotle' bell pepper seedlings. No phytotoxicity was observed with the drench applications in this study at the rate of 250 mgÁL -1
. Future work in this area may include a more detailed examination of the response of different pepper cultivars to exogenous ABA, both foliar and drench-applied. Pageant and Grande cultivars had limited or no response to exogenous ABA, which may be attributed to the rate of ABA used in this study. An exploration of differences in pepper cultivars using greater rates of product may be beneficial. Furthermore, it is possible that the lack of response is the result of differences in sensitivity at various stages of growth.
